A new method and apparatus for measuring the group delay in optical components and laser cavities are described. Cross-correlational fringes are fully recorded with a Michelson interferometer, in one of whose arms the optics to be measured are inserted. The path difference of the interferometer is calibrated to subwavelength accuracy, and the group delay is calculated from the phase of the Fourier transform of the measured fringe. The group delay for the entire visible-wavelength region is evaluated after a single measurement in approximately 10 min, using white light.
Precise group-delay evaluation of optical components has become important for femtosecond optical pulse generation and application owing to recent progress in the ultrafast technology controlling group-velocity dispersion' (GVD). Recently Knox et al. 2 ' 3 proposed and demonstrated an interferometric method for evaluating femtosecond group delay in the visible region. The method measures a shift of the interferometric cross-correlation contour as a function of the center wavelength of quasi-monochromatic light filtered from a white-light source. A similar method was used for GVD measurement of single-mode fibers in the near-infrared region. 4 ' 5 However, such methods encounter difficulty in the realization of high wavelength resolution: when the filter transmission band is made narrower, the resulting interferometric contour becomes broader and the center search of it becomes ambiguous. In addition, the sample absorption (the modulus of the sample complex transmission) change in the filter passband also has an effect on the contour shift and can lead to an incorrect group-delay estimation. We solved these problems by directly measuring the phase of the Fourier component separated from the modulus of the component of the interferometric signal.
Let us consider a Michelson interferometer, in one of whose arms (the sample arm) the optics to be measured are inserted. With the electric field transmitted through the reference arm and the sample arm denoted as Er(t) and ES(t), respectively, the fringe term in cross correlation is expressed as
The Fourier transform of this term is Sc(w) = s(C)Er*(Ci)), and, considering that Es(X) =
tG(O)ti()2(w) and Er(M) = to(w)E(w), it is written as

SC(o) = t 8 (cw)t1(w)to*(w)U(co).
Here t, is the complex transmission of the sample (for a double pass), t, and to are the transmissions of the empty sample arm and reference arm, respectively, and E denotes the Fourier amplitude of the original field entering the interferometer, with its squared modulus being the power spectrum U(co). In practice, the real zero of the path difference r is difficult to determine; owing to zero deviation ro, the above 9,(w) is multiplied by exp(-iw-ro).
The phase of the Fourier transform is written as k0(w) = k 8 s(co) + 4bias(°) -wro, where 4s(w) is the phase shift due to the sample and kbias(w) is caused by the phase unbalance between t 1 (co) and to(w). The group delay of the sample Ts is derived from the X derivative of 'k(co) by
Thus the group delay can be obtained with additive ambiguity ro; the apparatus characteristic Tbias to be subtracted is determined by a blank sample measurement. The phase 0(co) has reliable value where the spectrum U(w) is appreciably large; with the use of white light the group delay for the entire visible wavelength can be evaluated from a single interferometric cross correlation.
The measuring apparatus is shown in Fig. 1(a) . A fiber-transmitted Xe light is used as a white-light source. The interferometer components are mounted on a height-adjustable base; the white beam can be easily aligned with the sample optical axis, using rightangle reflector M4 after height adjustment. A similar reflector is located in the reference arm to maintain a phase balance between the two arms.
Subwavelength calibration of the path difference is necessary for a reliable Fourier transform and is realized by a laser-ranging technique using a He-Ne laser beam 6 traveling parallel to the white beam. Based on two interference signals having a 90-deg phase difference, the trigger generator determines the path change direction and maps the path difference on an up-down counter value, which permits signal averaging over multiple scans. The white-light interference signal is sampled every ,time the path difference changes by XHe-Ne/4.
Depending on the sampling step, Fourier analysis of a wavelength down to 317 nm is possible; sharp decreases in the Xe lamp spectrum and BK7
The resolution is determined by the interferometer scan interval, and a higher resolution will be easily attained by an increase in the interval.
Blank sample interferometric correlation measured for the apparatus calibration is shown in Fig. 1(b) . The correlation signal was obtained after averaging over 12 interferometer scans. Each 2-psec scan took approximately 20 sec, and the overall measuring time, including data save, Fourier transform, and derivative calculation, was less than 10 min. In the cross correlation the fringe period is shorter on the leading side and becomes longer. This reflects the group-delay evalua- lens transmission near the lower-limit wavelength serve as a natural anti-aliasing filter. Group delay is evaluated by taking a derivative of the Fourier phase; therefore a small noise on the phase appears enhanced on the group delay. Two techniques were used to reduce noise caused by intensity fluctuation in the Xe light: multiple scan averaging of the interference signal and data smoothing 7 after the group-delay evaluation. With the former, there is a trade-off between the noise reduction and an increase in measuring time, while the latter sacrifices resolution on wavelength. With a typical averaging time of N = 12 and a 2-psec interferometer scan, noise in the group delay represented as a standard deviation was empirically inversely proportional to the smoothing width with a proportional constant of 3.0 fsec X THz: the result was 6.5 fsec for the best resolution (0.46 THz) with no data smoothing, which was further reduced to 0.65 fsec with a 4.6-THz smoothing width. tion results shown in Fig. 1(c) -greater group delay for a longer wavelength. This apparatus bias is due to a slight imbalance with the cube beam splitter used in the interferometer. This Tbias(W) is subtracted from subsequent sample measurements. for a general-purpose dielectric reflector (Newport BD.1). In this measurement, mirror M2 is replaced by the mirror to be measured. To extract the group delay of the sample mirror, the group delay of the aluminum mirror Ml, in addition to the bias, has been subtracted from the obtained group delay. Sharp peaks in the group delay due to resonance of the multilayer dielectric coating are well resolved, which shows the high wavelength resolution of this measurement. the spherical mirror pair mounted in a homemade femtosecond dye-laser cavity. The test beam is redirected along the laser optical axis, using reflector M4. M2 is placed immediately after the spherical mirror pair. Accordingly, in the sample arm, the beam experiences 4X reflection on the mirror. The focusing mirror has a double-stack (red stack on blue stack) structure to attain high reflectivity at both the laser wavelength (620 nm) and the pump wavelength (515 nm). This type of mirror was theoretically discussed in Ref. 8 , and the positions of the spikes appearing in the present measurement coincide well with the wavelengths that show a rapid phase change in Fig. 4 of Ref.
8.
A similar in situ measurement is taken on a prism pair in the laser. The group delay is measured, changing prism insertion x as a parameter; the results are shown in Fig. 3 . GVD is evaluated from the slope of the measured group delay and is plotted in the inset of 9 by using the refractive-index data, which are in good agreement with the measurements.
Three measurements were made with a dye solution contained in a cell: with an empty cell, with pure solvent (ethylene glycol) in the cell, and with a Rhodamine 6G dye solution in the cell. The results are shown in Fig. 4 . The group delay with ethylene glycol (curve b) is obtained after subtracting the cell data from the second measurement. The group delay with Rhodamine (curve c) is evaluated in a similar way by subtracting the cell-plus-solvent data from the solution measurement. The sample was not optically pumped; therefore the group delay belonging to Rhodamine 6G absorption (1% transmission at the absorption peak) was obtained. With these measurements the conventional contour shift measurement described in Ref. 3 was numerically simulated. The filled circles superimposed onto curve c of Fig. 4 represent the results when a filter with a Lorentzian shape of 10-nm bandwidth is assumed. Calculations with a Gaussian-shaped filter with the same FWHM gave results showing almost no deviation from the present measurement. Therefore the error caused by sample absorption with the conventional method is highly dependent on the wing shape of the bandpass filter used in it. We characterize the group-delay shape by the ratio of the depth of the 530-nm valley to the height of the 560-nm shoulder. The ratio is 4.0 for the present measurement, while it is 2.1 for the simulation with the Lorentzian filter. The previously reported shape (Fig. 4 of Ref. 3) gives the ratio of 2.2 and seems considerably distorted.
In conclusion, a new method for evaluating femtosecond group delay with a high wavelength resolution is proposed and experimentally demonstrated. It utilizes the Fourier transform of interferometric cross correlation and realizes quick measurements in less than 10 min. In addition, a small beam divergence of the fiber-transmitted white light permits in situ measurements on components mounted in laser cavities, which will be useful for dispersion evaluation, especially on commercial lasers.
